Understanding the molecular basis of adaptive response to variable environmental conditions is a central goal of evolutionary biology. Here, we sought to identify potential outlier single nucleotide polymorphisms (SNPs) in 3 wild populations of a freshwater prawn (Macrobrachium australiense) that are exposed to differing osmotic niches by using a comparative transcriptomics approach. De novo assembly of approximately 542 million (75 nt) pair end reads collected from 10 individuals revealed 123 396 longer contigs/transcripts of variable length, that showed 97.38% transcriptome assembly completeness. Differential gene expression analysis of major osmoregulatory genes revealed that calreticulin, Na + /H + exchanger, and V-type (H + ) ATPase showed the highest expression levels in the Blunder Creek (low ionic) population, while Crustacean cardiovascular peptide (CCP), Na + /K + -ATPase, Na + /K + /2Cl − co-transporter (NKCC) and Na + /HCO 3 − exchanger showed the highest expression levels in the Bulimba Creek (higher ionic) population. In total, 16 gene ontology term categories were functionally enriched among the 3 studied populations. We identified 4144 raw and 835 high quality filtered SNPs in the 3 M. australiense populations, of which 84 SNPs were identified as outliers. Outliers were detected in 4 important osmoregulatory genes that include: calreticulin, Na + /H + exchanger, Na + /K + -ATPase, and V-type-(H + )-ATPase. All outliers in the osmoregulatory genes were located in noncoding regulatory regions (untranslated regions) of the gene. We hypothesize that the outlier SNPs identified here in M. australiense populations exposed naturally to different osmotic conditions influence specific gene expression patterns that allow individuals to respond to local environmental conditions.
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It is widely believed that life originated in the sea and competition among early marine species allowed some ancestral species to migrate to new environments (specifically to inland and continental freshwaters) (Root et al. 2003) . Exposure to new osmotic conditions by migrants required rapid adaptation to permit persistence in the new environment. A common means for such adaptation is plasticity in gene expression that can be shaped by natural selection (Lee et al. 2011 ). This phenomenon is considered by many to be an interesting problem and one where evolutionary biologists seek to understand changes at the genomic level during local adaptation (Butlin 2010) . Of the 26 multicellular phyla, only 15 have been able to adapt successfully to low osmotic conditions (inland fresh waters) following a marine ancestry (Little 1990 ; Lee and Bell 1999; Vogt 2013) . One of the most critical challenges that animals need to deal with in this new environment is to maintain their ionic balance via osmoregulatory processes. Crustaceans are one of the major animal groups that have made this transition successfully and this group now displays a wide diversity of osmoregulatory capacity (Freire et al. 2008 ). There are many crustacean species that provide ideal candidate species for understanding the molecular mechanisms underlying osmoregulatory capacity in variable osmotic gradients (Stillman et al. 2008; Vogt 2013; Rahi et al. 2017) . The freshwater (FW) prawn, Macrobrachium australiense is an excellent candidate for this type of study.
Macrobrachium australiense can complete its entire life cycle in freshwater but can also tolerate brackish water conditions of up to 17‰ salinity (Dimmock et al. 2004) . Life history traits of populations in inland waters of this species show an abbreviated larval development (ALD) pattern, characterized by only a single larval stage (Short 2004) . In contrast, populations that inhabit coastal streams and creeks and that have access to brackish waters are characterized by a semi-ALD pattern (3-4 larval developmental stages). The length of larval duration is hypothesized to be an adaptive response to different osmotic conditions (Short 2004) . Thus, M. australiense provides an excellent model for identifying and characterizing key genetic loci and functional/regulatory mutations that are responsible for osmoregulatory performance in different osmotic niches.
Population genomics approaches are now widely available for investigating the molecular basis of the adaptive process where populations are experiencing different natural environmental conditions that show a clear footprint of natural selection on genetic variation (Kohn et al. 2006) . Such approaches are useful for understanding the process of speciation where markers derived from transcriptomic data can identify candidate genes and functional mutations in key genes under selection (Berdan et al. 2015) . Modern genomic approaches (particularly next-generation sequencing methodologies, e.g., transcriptomics) have made it relatively easy to either acquire a list of candidate polymorphic loci, or to search for single nucleotide polymorphisms (SNPs) and/or outliers (loci under selection or adaptive loci) in a set of candidate genes. This is in contrast to using a blind shotgun approach that, while able to identify >1000s of SNPs from massive sequence data, lacks the ability to assign observed SNPs to candidate genes for nonmodel species without reference genomes. SNP calling from transcriptomic data (using expressed sequences) provides a cost effective way for reducing genomic complexity while still retaining a significant fraction of the functionally relevant information ). An important additional outcome from this type of data is the potential to identify outlier loci from expressed sequences. Another powerful feature of a transcriptomics approach is to examine changes in gene expression patterns among natural populations or different individuals in a controlled experimental set up. Furthermore, transcriptomic approaches can focus on detecting genetic variation in specific candidate genes among individuals from different populations that potentially may be under selection and therefore can be useful for understanding the molecular basis of local adaptation in wild populations (Baldo et al. 2011; Helyar et al. 2012; Alvarez et al. 2015; Berdan et al. 2015) .
It has long been realized that differences in gene expression pattern play a significant role in population specific adaptation and also in population differentiation (King and Wilson 1975; Leder et al. 2015) . A number of studies have confirmed that there is a genetic basis for differences in relative transcript abundance (Gracey et al. 2004) , that can lead to adaptive divergence in wild populations (Eguavoen et al. 2015; Leder et al. 2015) . Thus, combining gene expression pattern (transcript abundance) and SNP detection from the same set of individuals from transcriptomic data set can provide a novel way for examining the functional roles of population specific SNPs as well as the role of regulatory SNPs in controlling population specific gene expression patterns. Under recent climate change and rising sea level scenarios, it is obvious that inland freshwater bodies face increasing threat from salinity intrusion and hence freshwater adapted biota may potentially need to address this issue as impacts increase over time. A population genomic study of different populations of the same species exposed naturally to different osmotic conditions can help us to understand the process of genomic response by which species can adapt to future climate change impacts. Genomic techniques are also being used increasingly to better understand the genetic factors that affect variation in economically important traits in many cultured species (Brumfield et al. 2003) , but wild populations are less well studied in this regard (Luikart et al. 2003) .
Macrobrachium australiense wild populations are exposed naturally to different osmotic gradients. Natural populations therefore provide a genomic resource for identifying and characterizing important osmoregulatory genes and functional/regulatory mutations in these genes that may have diverged during adaptation to inland freshwaters. We can also use these data to investigate whether this process is controlled largely by mutations in regulatory sequences or mutations in functional protein coding regions. In the current study, we adopted a population genomic (transcriptomic) approach to investigate underlying genomic control of osmoregulation in a widespread Australian endemic FW prawn species, M. australiense. The overall aim of the present study was to examine differences in population specific expression patterns of all expressed sequences, concentrating specifically on candidate genes previously identified as influencing osmotic regulatory capacity. Furthermore, we aimed to detect outlier SNPs in these target candidate genes.
Materials and Methods

Sample Collection and Maintenance
We collected M. australiense individuals from 3 natural populations: Blunder Creek (17°764ʹ321ʺS, 145°509ʹ073ʺE), a tributary of the Herbert River in North Queensland, Bulimba Creek (27°562ʹ925ʺS, 153°097ʹ689ʺE) and Stony Creek (26°878ʹ987ʺS, 152°731ʹ226ʺE) tributaries of the Brisbane River that were exposed naturally to different osmotic conditions. The Stony Creek population (considered to be a pure freshwater population) is separated from the main channel of the Brisbane River due to Somerset Dam that was built in 1935. The Blunder Creek collection site was located upstream in the Herbert River system far from any tidal influence and prawns in this population can complete their entire life cycles in pure low ionic freshwater conditions. The Bulimba Creek population is located only 10 km from the Brisbane River confluence, and only 2 km upstream from tidal influence. Individuals in this population have direct access to brackish water. The Stony Creek population has been confined to freshwater for less than 100 years because of the dam. Local salinity and conductivity conditions for each sampling sites were recorded as: 0‰ and 225 µS/m for the Blunder Creek, 0‰ and 430 µS/m for the Stony Creek, 0.5‰ and 678 µS/m for the Bulimba Creek, respectively. Salinity levels at all sites were very similar. But huge differences in conductivity level among sites clearly contribute to different osmotic niches (sites are not different in terms of salinity but are remarkably different for total ionic content). Thus, the Blunder Creek population site can be considered to be a pure FW ionic (low osmotic) environment compared with the Stony (medium ionic) and Bulimba (high ionic) sites. To confirm species identification, total genomic DNA was extracted from sampled pleopods and screened for a mtDNA CO1 gene fragment following methods outlined in a previous study on Macrobrachium rosenbergii (Hurwood et al. 2014 ). All of the sampled individuals were confirmed to be M. australiense.
RNA Extraction, cDNA Library Preparation, and Illumina Sequencing
For transcriptomic analyses, 10 individuals (4 from Bulimba Creek, 3 from Stony Creek, and 3 from Blunder Creek) were used for Illumina sequencing at the Molecular Genetics Research Facility (MGRF) under Central Analytical Research Facility (CARF) at Queensland University of Technology (QUT). Live prawns were collected from the Bulimba and Stony Creek populations and brought back to the MGRF for RNA extraction. Live individuals were then dissected immediately to obtain fresh tissue to use for high quality RNA extraction. For the North Queensland population, tissues (gill, antennal gland, and hepatopancreas) from live animals were dissected in the field and preserved in RNAlater® solution (Ambion, USA). Due to the limited amount of available tissue material and to get wide representation of expressed genes, all tissues were pooled together for each individual separately before RNA extraction. Pooled tissues of each individual from each population were crushed into a fine powder with liquid nitrogen and powdered tissues were used for RNA extraction using a TRIzol/chloroform extraction method (Chomczynski and Mackey 1995) . This was followed by total RNA purification using an RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer's protocol. The remaining steps for mRNA isolation to cDNA library preparations were followed according to the methods outlined in our previous studies (Moshtaghi et al. 2016; Rahi et al. 2017 ). The resulting 10 cDNA libraries (3 for Blunder Creek, 3 for Stony Creek, and 4 for Bulimba Creek) were subjected to the Illumina NextSeqTM 500 Platform for 75 bp paired end sequencing.
Quality Control of Illumina Sequence Data
High through-put Illumina sequencing produced >542 million raw reads from the 10 cDNA libraries. Initially, quality of sequence data was checked using the FastQC software (Andrews 2010) . We used the ELAND option (in Illumina Platform that uses the Configure Gerald method) to effectively remove any ribosomal RNA contamination. Trimmomatic was then used for removing adapter sequences and also for quality filtering of raw sequence reads (Bolger et al. 2014) , to trim poor quality sequences at both ends. Only high quality and quality filtered reads (Phred score, Q ≥ 30) were used in subsequent bioinformatics analyses.
Bioinformatics Analysis
All high quality reads from the 10 cDNA libraries were pooled to make a single reference transcriptome for the 3 sampled populations. De novo assembly of high quality reads was performed using the Trinity software package (version 2014-04-13p1) with default settings (Haas et al. 2013 ) to obtain contigs. We assessed transcriptome assembly completeness using CEGMA (Core Eukaryotic Genes Mapping Approach) software in which the assembled transcripts are mapped against a number of genes that are highly conserved in a range of Eukaryotes (Parra et al. 2007 ). De novo assembled contigs were then blasted against the NCBI nonredundant database using BLAST+ (version 2.2.29) applying an e-value threshold of 1e −5 for significant blast hits. BLAST output files were loaded into Blast2GO pro software (version 3.0) (Camacho et al. 2009 ) to map and annotate sequences and to determine the potential functions of each transcript based on gene ontology (GO) analysis. Annotated contigs were then resubmitted to Blast2Go pro for InterPro Scanning in order to obtain InterPro Scan domains. The annotated data set was checked carefully to identify and extract candidate genes with any potential role in osmoregulation and/or ion balance maintenance based on GO terms (ion binding, ion exchange, ion transport, osmotic stress, and hemolymph).
SNP Detection
Reads from each cDNA library were mapped individually to the reference transcriptome using BOWTIE2 (Berdan et al. 2015) applying default parameters. We used the PICARD software (Langmead and Salzberg 2012) to mark and remove duplicate reads. De-duplicated reads were then realigned to the reference transcriptome using the GENOME ANALYSIS TOOLKIT (GATK) software (van der Auwera et al. 2013; DePristo et al. 2011 ) to correct mapping-related artefacts. SNPs were then called using the GATK-module Unified Genotyper, applying default settings from the GATK website. After the primary step of SNP calling, we applied several levels of filtering. At the first level, GATK used a threshold of 30 (QUAL > 30) to filter all SNPs based on Phred-scaled quality score. Next, we filtered out variants of more than 10% (DP ≥ 10) of the reads that had a mapping quality of zero. Then, variants were further removed if any of the following criteria were true: normalized quality score by the amount of coverage was <2 (QD < 2.0), root mean square for mapping quality across all genotypes were <40 (MQ < 40.0), Phredscaled P-value for the Fisher's exact test for stand base was >60 (FS > 60.0) and haplotype score was >13.0 (Berdan et al. 2015) .
Outlier Detection
Quality filtered SNPs obtained from GATK were then loaded in VCFTOOLS (Danecek et al. 2011 ) to convert SNPs into VCF format and these data were then loaded into the PGDSpider software program (Lischer and Excoffier 2012) to convert to the appropriate data format for outlier loci detection. The data set was then loaded in BAYESCAN (Foll and Gaggiotti 2008) for outlier detection using default settings with a q-value cut-off of 0.05.
Differential Gene Expression and Functional Enrichment Analysis
For differential gene expression (DGE) analysis between populations, we estimated transcript abundance for each individual using RSEM with default settings (Li and Dewey 2011) . Transcript abundance values for each cDNA library were then normalized using TMM normalization method in Trinity to avoid skewed expression of transcripts (Haas et al. 2013; Rahi et al. 2017) . Transcript abundance data (raw read counts) were then loaded subsequently into the edgeR Bioconductor package (with default settings from Trinity Repository, P-value cut-off for FDR = 0.001) for DGE analysis. Finally, differentially expressed transcripts were obtained from all pairwise edgeR comparisons using a negative binomial distribution model (Haas et al. 2013) . The Trinotate software package was used to perform functional enrichment analysis of differentially expressed transcripts (Brekhman et al. 2015) . Assembled contigs were blasted locally against 3 different protein databases: SwissProt, Uniref90, and Pfam. All GO term categories were then extracted for each gene feature including all parent terms using the Perl script included in the Trinotate package. Final enrichment analysis results were obtained in the GOSeq package according to the instructions outlined in the Trinity repository that yielded enriched and depleted gene sets at FDR ≤0.001 (Young et al. 2010 ).
Identification of Candidate Genes
Through an in-depth literature review and from BLAST results conducted by Moshtaghi et al. (2016) , 32 osmoregulatory genes in M. australiense were identified. These genes were associated with 1) ion exchange, 2) ion transport, 3) osmotic stress tolerance, 4) ion binding, and 5) hemolymph balance. Given the roles of the identified genes mentioned above and the fact that all of these genes have highly conserved functional roles among a wide range of aquatic crustaceans, we considered them to be very important for osmoregulatory processes. We searched for the specific GO terms related to osmoregulation function and also the preidentified candidate genes in our data set to identify as many osmoregulatory genes as possible. In total, 32 genes (same as Moshtaghi et al. 2016) were identified. We used the online program Open Reading Frame (ORF) Finder (Stothard 2000) to identify protein coding regions of these candidate genes. We aligned sequences of each population for the candidate osmoregulatory genes to identify the location of outliers SNPs by using MAFFT (Katoh 2013) ; SNPs are located either in coding or regulatory regions.
Results
Illumina Sequencing, De Novo Assembly, and Annotation
De novo assembly of high quality Illumina paired end sequences yielded a total of 123 396 nonredundant contigs (≥200 bp) with an N50 value of 2423 bp. In total, 30 764 contigs showed significant BLAST hits to sequences in the NCBI GenBank database and 27 325 contigs received GO terms. Table 1 shows the detailed features of the assembly and annotation statistics for the M. australiense cDNA libraries. The CEGMA based transcriptome assembly completeness test revealed 97.38% complete mapping, a result that confirms the relatively high quality of the M. australiense transcriptome data set. The top hit species distribution chart in Supplementary Figure  S1 shows the highest top hit matches with a micro-crustacean species, Daphnia pulex. In total, 138 438 GO terms were obtained for 30 764 transcripts that had significant BLAST hits (Supplementary Figure S2 shows the top most abundant GO term categories) and the GOs involved in 3 different processes including biological processes, molecular function, and cellular components.
Candidate Gene Identification and DGE Analysis
In total, 32 different candidate gene families in the M. australiense data set were identified (based on GO terms) that have a potential functional role in osmoregulation in this species (Supplementary Table S1 ).
GO based functional roles of the identified candidate genes indicate that these 32 genes are involved with ionic balance, body fluid regulation via hemolymph balance, cell volume regulation, and sensing and mitigating osmotic stress; in combination, all of these facts can help to perform successful osmoregulation. The heatmap in Supplementary Figure S3 presents the expression patterns of 9374 differentially expressed transcripts in the 3 different M. australiense populations sampled here. Individuals of Stony (medium ionic) and Blunder (low ionic) populations showed very similar differential expression pattern while the Bulimba population (higher ionic) showed a variable expression pattern (Supplementary Figure S3) ; possibly reflecting size variation among Bulimba individuals. Table 2 shows transcript abundance (in TPM values where TPM stands for transcript abundance per million of reads) based expression pattern of the 15 most important osmoregulatory genes in the 3 sampled populations. The other 17 osmoregulatory genes identified here (Supplementary Table S1 ) are known to play either minor or indirect role/s in osmoregulation in the target species. The top 20 expressed genes in the 3 M. australiense populations (Table 3) were not differentially expressed between population comparisons but were highly expressed in each inhabiting population.
SNP and Outlier Detection
Transcriptome wide SNP calling revealed 4144 raw and 835 high quality filtered SNP variants among the 3 sampled populations (Table 4 ). The number of raw SNPs was quite high but after several filtering steps, only 248-308 high quality filtered SNPs were obtained across these populations. Figure 1 presents the number of common and population specific outlier loci detected for different populations. The Bulimba/ Stony comparison showed the lowest number (8) of outliers while the Blunder/Bulimba comparison showed the highest number (17) of population specific outliers. In total, 84 contigs were found to show outliers in at least one comparison. Nearly half of the outlier contigs (40 out of 84) were unique to only a single population comparison and 18 contigs were found to be outliers in all 3 comparisons. We observed the lowest number of SNPs and outliers between the Bulimba versus Stony comparison; possibly due to the fact that these 2 populations are from tributaries of the same river system and therefore, share some environmentally similar features along with a likely common ancestry.
Functional Enrichment Analysis
Significantly enriched GO categories for Blunder/Bulimba and Blunder/Stony population pairs are presented in the Table 5. In total, 16 different GO categories were significantly enriched for differentially expressed transcripts between Blunder/Bulimba and Blunder/ Stony population pairs. Interestingly, there was no significant enrichment for the Bulimba/Stony comparison.
Discussion
The comparative population transcriptomic data set generated here for 3 populations of M. australiense exposed naturally to different ionic conditions provides an important genomic resource for understanding the functional role of key osmoregulatory genes. Mechanistic aspects of osmoregulation in aquatic environments requires sensing an osmotic stress, ionic regulation via active uptake or release of ions depending on the surrounding medium, active ion transport, transferring signals, regulatory cellular volume increase or decrease depending on external environmental conditions, and activating pathways and specific genes to respond to the stressors (Moshtaghi et al. 2016; Rahi et al. 2017 ). In total, 32 candidate genes (Supplementary Table S1 ) previously implicated in osmoregulatory control were found in the transcriptome data set of current study. The diversity of genes identified reinforces the complex nature of this trait in the target species. Currently, the most important osmoregulatory genes identified in crustaceans are considered to be: alkaline phosphatase, aquaporin (AQP), arginine kinase, calreticulin (CRT), carbonic anhydrase (CA), Crustacean cardiovascular peptide (CCP), mitochondrial carrier protein, Na (Kotlyar et al. 2000; Gillanders et al. 2003; Henry et al. 2003; Luana et al. 2007; Tsai and Lin 2007; Freire et al. 2008; Gao 2009; Faleiros et al. 2010; Ali et al. 2015) . These important osmoregulatory genes are well studied in a range of crustacean species and are known to be involved with ion transport, ion exchange, cell volume control, signal transduction, activating pathways, and sensing osmotic stress (Genovese et al. 2005; Freire et al. 2008; Stillman et al. 2008; Faleiros et al. 2010; Moshtaghi et al. 2016) . The studies further showed that these 15 genes are highly conserved in their functional role across a broad range of aquatic species. But other candidate genes that have a minor or indirect role in adaptive responses to variable osmotic environments have remained unstudied or are far less understood.
More than 50% (8 out of 15) of the most important candidate gene families showed similar expression patterns (no large variation in expression pattern were detected) among the sampled populations (Table 2 ). In contrast, CRT, CCP, NKA, NKCC, VTA, NHE, and Na + /HCO 3 − exchanger showed large differences in expression among the 3 sampled M. australiense populations indicating that they likely play more important roles in osmotic adaptive responses in M. australiense under different natural ionic conditions. NKA, NKCC, VTA, and Na + /HCO 3 − exchanger are the main genes that are directly involved with the active uptake and release of a range of ions used to maintain ion balance and achieve ion regulation (Faleiros et al. 2010; Barman et al. 2012) . VTA is also involved with cellular volume control apart from maintaining ionic balance and is expressed at higher levels under pure freshwater conditions (Stillman et al. 2008; Rahi et al. 2017) . The calreticulin gene acts as a salinity stress biomarker and transfers osmotic signals while providing energy to address osmoregulatory stress (Barman et al. 2012) . We found the highest expression level for the VTA, NHE, and calreticulin genes in the Blunder Creek population (exposed to pure, low ionic freshwater conditions) compared with the other 2 populations. Potentially, this is because osmoregulation for M. australiense individuals is more energy expensive under pure low ionic freshwater conditions than in brackish water, and raised expression levels of calreticulin may provide the additional required energy to address this challenge. In addition, higher expression level of NHE likely plays a pivotal role in absorbing ions from water and releasing H + into water in Blunder Creek, an environment characterized by low ionic conditions. Another major challenge in low ionic freshwater conditions is maintaining cell volume to resist ion loss from the body and higher expression of VTA in this regard may assist in this process. These 3 gene families (NHE, VTA, and calreticulin) obviously play more important roles for osmoregulation in M. australiense under freshwater conditions compared with their individual role (s) in brackish water.
CCP, NKA, NKCC, and Na + /HCO 3 − exchanger genes showed the highest expression levels in the Bulimba Creek population which indicates an important role for these 4 genes in salinity tolerance. NKA, NKCC, and Na + /HCO 3 − exchanger genes play a critical role in osmoregulation under brackish water or under higher osmotic gradient conditions by actively pumping out any excess ions gained from surrounding water (Anger 2003; Barman et al. 2012; Ali et al. 2015) . Thus, individuals in Bulimba Creek may overcome the problem of gaining excess ions by expressing these 3 gene families at higher levels. In contrast, individuals also need to change their body fluid (hemolymph) concentration under a changing osmotic gradient. Relatively high expression levels of CCP in M. australiense individuals under brackish water conditions may promote production of more hemolymph (Zhao et al. 2015) that allows individuals to deal with this osmotic challenge.
The top 20 differentially expressed genes among the sampled populations in Table 3 shows that the highly expressed genes (arginase, actin, myosin, troponin, omega-amidase, etc.) are involved with metabolic function, reproductive processes, and energy production. Not all highly expressed genes in all populations were involved with osmoregulatory activities, even though they were exposed to different osmotic conditions. The role(s) of other genes that do not have a primary osmotic control role could be involved with house-keeping activities specific to this species. Functional enrichment analysis of all differentially expressed genes (Table 5 ) revealed an absence of enriched GO categories in the Bulimba/Stony comparison while significant enrichment was observed in both the Blunder/Bulimba and Blunder/Stony comparisons. While FW prawns collected from Bulimba and Stony Creeks showed similar expression patterns and as a result, there were no significantly enriched GO categories, remarkable differences were observed in gene expression patterns when the comparisons were between individuals from Blunder/Stony and Blunder/Bulimba population pairs. As a result, there were significantly enriched GO categories identified in these 2 comparisons. This distinction most probably reflects a more distant phylogeographical relationship between the Blunder Creek population with the other 2 populations (separated geographically by >1800 km).
Considerably higher numbers of outliers were obtained when comparisons involved the Blunder Creek population with the other 2 populations. This confirms that the Blunder Creek population was more often different for gene expression patterns for potentially adaptive loci. In part, at least this may result from geographical isolation between the north (Blunder) and the 2 southern sampling sites (Bulimba and Stony), but also likely reflects impacts of different osmotic environments. A relatively high number (18) of common outliers in all comparisons potentially indicate that the genetic response to freshwater invasion has occurred under strong selection acting on specific genes that influence osmoregulation. Bulimba and Stony Creek are both tributaries of the Brisbane River and share many common environmental features as they are members of the same major catchment. While Bulimba and Stony populations of M. australiense have been physically isolated from each other over the last 80 years due to the dam construction, this time has not been sufficient from an evolutionary time perspective for novel adaptive mutations to develop. Identification of outlier loci under selection can provide important insights for understanding local adaptation and speciation under different environmental or ecological conditions (Rundle and Nosil 2005) . With the advent of modern genomic tools, there is now a well-accepted methodology that can identify adaptive genetic loci using transcriptome scanning and the examination of a large number of loci to detect outliers (Storz 2005) . Here, we found 4 different outlier loci in the target candidate (osmoregulatory) genes: Na + /H + exchanger, Na + /K + -ATPase, V-type-(H + )-ATPase, and calreticulin. These 4 genes are considered to be the major candidate genes involved with osmoregulation in a wide range of aquatic crustacean species. We compared sequences of the outlier contigs/genes between the different sampled populations to determine the physical locations of identified outlier SNPs (the mutations could either be in coding regions of the gene or in untranslated regions, UTRs). All outlier SNPs in these 4 important osmoregulatory genes in M. australiense were found to be present in UTR regions (outside protein coding regions) and were located prior to the start of coding regions. This suggests that they are likely to be regulatory mutations that have influenced observed gene expression patterns.
Osmoregulation is a complex phenotype and the genomic control of adaptive response under different osmotic conditions can be mediated by changes in gene expression pattern initially but longterm adaptation is more likely to involve adaptive mutations in functional or regulatory parts of genes (Wray 2013) . Here, we found that most of the mutations (outliers) in M. australiense were located outside of coding regions (i.e., in UTRs), suggesting that different osmotic conditions are imposing different selective pressures on the populations inhabiting in these environments, leading toward fixation of critical mutations in regions controlling expression levels of certain key genes. This implies that adaptation by M. australiense to various osmotic niches is likely to be an ongoing process and is currently largely controlled by changes in gene expression under different environmental conditions. Macrobrachium australiense in general, can tolerate a wide range of variation in sublethal salinity conditions naturally and so would unlikely be impacted severely by any climate change effects including long-term changes in local salinity levels. The more critical issue however, will be to determine how quickly individuals can respond and whether they experience stress during this process that may affect their normal growth and development. Thus, it will be interesting to examine expression patterns of the important candidate genes under different salinity levels at different time intervals.
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